Abstract-Remotely sensed ground reflectance is the basis for many inter-sensor interoperability or change detection techniques. Satellite inter-comparisons and accurate vegetation indices such as the Normalized Difference Vegetation Index, which is used to describe or to imply a wide variety of biophysical parameters and is defined in terms of near-infrared and redband reflectance, require the generation of accurate reflectance maps. This generation relies upon the removal of solar illumination, satellite geometry, and atmospheric effects and is generally referred to as atmospheric correction. Atmospheric correction of remotely sensed imagery to ground reflectance, however, has been widely applied to only a few systems. In this study, we atmospherically corrected commercially available, high spatial resolution IKONOS and QuickBird imagery using several methods to determine the accuracy of the resulting reflectance maps. We used extensive ground measurement datasets for nine IKONOS and QuickBird scenes acquired over a two-year period to establish reflectance map accuracies. A correction approach using atmospheric products derived from Moderate Resolution Imaging Spectrometer data created excellent reflectance maps and demonstrated a reliable, effective method for reflectance map generation.
INTRODUCTION
Atmospheric correction of remotely sensed imagery to ground reflectance has been widely applied to only a few systems. Currently the most extensively available reflectancebased remote sensing products are from the NASA Moderate Resolution Imaging Spectrometer (MODIS) onboard the Aqua and Terra satellites. Products acquired from Landsat and from other systems are also atmospherically corrected by various groups but are not provided on a standard basis from their distribution centers. Atmospheric correction for these systems has generally used a radiative transfer approach in which solar and satellite geometry, and atmospheric aerosols and gases are estimated and used to invert top-of-the-atmosphere (TOA) radiance values into ground reflectances. Commercial systems, such as IKONOS, QuickBird, and OrbView-3, provide fourband (blue, green, red, and near-infrared (NIR)) radiance maps as their standard multispectral products and do not provide atmospherically corrected imagery. Consequently, accurate and interoperable reflectance maps, and Normalized Difference Vegetation Index (NDVI) products cannot be produced directly, and validation of coarser resolution datasets using high-spatial-resolution imagery is not easily obtainable.
Current literature contains many examples in which only the solar geometry and Earth-sun distance are used to generate reflectance maps. This method, known as the planetary albedo method, is not as accurate as other methods [1] . Global climate change studies require reflectance maps with accuracies approaching 0.01 reflectance units, which are not achievable by this method.
In this study, we evaluated a prototypical algorithm that atmospherically corrects high spatial resolution (HSR) commercial imagery using NASA MODIS validated algorithms and data products.
II. ATMOSPHERIC CORRECTION APPROACH
The Empirical Line Method (ELM) was the first approach we used in this study [2] . The premise of the ELM is that TOA radiance is approximately linear with ground reflectance. By curve fitting at least two known reflectance values against TOA radiances, an empirical relationship between TOA radiance and reflectance can be found. Using the ELM, a highly accurate reflectance map can be generated for part or all of a scene. The ELM, however, is not a practical operational method because it requires some ground truthing for every scene corrected. In this study, we used the ELM as a baseline to test and evaluate the accuracy of other methods. We applied several atmospheric correction methods based on radiative transport equations to the HSR IKONOS and QuickBird commercial imagery. The simplest was the planetary albedo method where only the solar illumination (geometry and Earth-sun distance) was taken into account. This approach is easy to implement but does not take into account any atmospheric effects. Equation (1) describes the relationship between TOA radiance and planetary reflectance [1] . The remaining two atmospheric correction methods used a modified spherical albedo approach to solve radiative transport equations. One variation of the modified spherical albedo method accounted for adjacency effects while the other did not. Equation (2) describes the relationship between pixel reflectance and TOA radiance using a spherical albedo formulation when adjacency effects are not taken into account, and (3) describes that relationship when adjacency effects are taken into account [3] . Note that the three methods have been listed in order of increasing model fidelity.
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These three methods use parameters determined by executing the Moderate Resolution Transmittance (MODTRAN) Code [4] . MODTRAN in turn requires the input of several parameters, some of which were supplied by nearcoincident satellite acquisitions.
The near-coincident satellite data were used with the modified spherical albedo approach to derive atmospheric gases and aerosols required to invert TOA radiance values into ground reflectance. MOD04 Aerosol Optical Thickness and MOD05 Total Precipitable Water products were obtained from Terra MODIS acquisitions. The sun-synchronous commercial satellite systems and Terra orbit produce near-coincident acquisitions, and in most cases acquisitions were well within an hour of each other. In addition, daily ozone estimates were obtained from NASA's Total Ozone Mapping Spectrometer (TOMS) onboard Earth Probe. In cases where the atmosphere is not changing quickly, this approach uses MODIS algorithms that have been tested and validated under a wide set of conditions as virtual ground truthing. This method will be referred to as the MODIS product atmospherically corrected method.
The ultimate success of every atmospheric correction method depends on the availability of radiometrically calibrated imagery. The independent radiometric characterization efforts performed by the NASA-led Joint Agency Commercial Imagery Evaluation (JACIE) team gave confidence and known pedigree to the radiometric calibration constants that were provided by the commercial vendors [5] . Through the JACIE team, NASA has agreements with the National Geospatial-Intelligence Agency (NGA) and the U.S. Geological Survey (USGS) to characterize the geometric, spatial resolution, and radiometric properties of commercial imaging systems, such as IKONOS and QuickBird [6] .
An example MODIS product atmospherically corrected NDVI map based on IKONOS imagery acquired on January 15, 2002, of Stennis Space Center is shown in Fig. 1 . 
III. ALGORITHM VERIFICATION
Extensive ground measurements of target reflectances and atmospheric conditions are necessary at the time of acquisition to evaluate directly the accuracy of any atmospheric correction method. NASA's Stennis Space Center (SSC) has acquired extensive ground truth data coincident with several HSR image acquisitions through its JACIE team characterization work, and these data were made available for this study.
The prototypical MODIS product atmospheric correction algorithm was verified by comparing ground-measured reflectances with algorithm-generated reflectances. We deployed several targets as part of the ground truth data collection, including the SSC radiometric calibration tarp set. This set comprises four 20-meter-square tarps having nominally 3.5, 22, 34, and 52 percent reflectance in the visible through NIR spectral regions. Not all tarps were deployed for each acquisition. Extended targets, such as concrete and grass, were also used. Spectroradiometers measured target reflectance during each satellite acquisition. Calibrated sun photometers acquired aerosol properties, including optical depth, and we launched radiosonde balloons to obtain atmospheric temperature, pressure, and water vapor profiles [5] .
The SSC Instrument Validation Laboratory performed radiometric and spectral calibrations on the spectroradiometers and verified their operational performance under field conditions in an environmental chamber before deployment. The Laboratory also measured and accounted for tarp bidirectional reflectance distribution function effects.
In total, nine scenes acquired over SSC in southern Mississippi and Brookings, South Dakota, were used to verify algorithm performance and are identified in Table I . The table also includes the date the scene was acquired, the sensor azimuth and elevation angles, and the measured targets in the scene at the time of the acquisition. We established a case matrix to determine the accuracy of three different atmospheric correction approximations: planetary reflectance, MODIS product atmospherically corrected reflectance without the influence of adjacency effects, and MODIS product atmospherically corrected reflectance including adjacency effects. The case matrix also determined the effect of using ground measured in-situ data in lieu of satellite data products. In total, we evaluated 46 cases.
IV. ALGORITHM ACCURACY RESULTS
The first set of results highlights typical differences found between the atmospheric correction algorithms as shown in Table III . The results were based on QuickBird imagery acquired over SSC on January 10, 2004, and focus on the 52 percent tarp target. Measured reflectance data in the blue, green, red, and NIR bands are shown along with the reflectance values generated using the three methods described above. The table also shows (in parentheses) the difference between the measured target reflectance and the approximation. A root mean square (RMS) difference measure of merit is also calculated by taking the RMS of the differences between the measured reflectance and the approximation across all four bands. The table shows reasonably good results (calculated minus measured reflectance of 0.02 reflectance units) with the MODIS product atmospheric correction algorithm incorporating adjacency effects. The table also points out the importance of taking into account adjacency effects when working with heterogeneous scenes. In this predominately vegetative scene, the 52 percent reflective tarp was placed on a grass field.
The next set of results highlights the effect of using satellite data products in lieu of ground measured in-situ data. Table IV compares the results of the MODIS product atmospheric correction algorithm (spherical albedo approximation to solve the radiative transport equations taking into account adjacency effects) when different input parameters are used. Again, the 52 percent tarp target deployed at SSC during a QuickBird acquisition on January 10, 2004, is used in this sample result table. Each approximation is compared to measured reflectance in the four visible through NIR bands, and an RMS measure of merit value is calculated as described above. Very little difference can be seen between results obtained with purely ground-measured data and results obtained using the MODIS aerosol and water vapor products. This observation confirms that MODIS atmospheric data products can be used in lieu of ground truthing measurements.
The MODIS product atmospherically corrected QuickBird imagery results for all targets deployed on January 10, 2004, are shown in Table V . The algorithm produced similar results independent of the selected target. In this table, measured reflectances in the four visible through NIR bands are shown in parentheses underneath the target description. No ground truth data was used in this example result; only MODIS and TOMS atmospheric data products were required. Very good agreement between the MODIS product atmospheric correction algorithm and known measured conditions were demonstrated in this study and should allow prediction of performance under a wide set of conditions. Note, however, that the comparisons made during this investigation occurred on days with excellent atmospheric conditions. Future work would benefit from having ground measurements and acquisitions under varying conditions. For highly heterogeneous atmospheres, more sophisticated algorithms will likely be needed. 
